TDP-43 aggregation in the cytoplasm or nucleus is a key feature of the pathology of amyotrophic lateral sclerosis and frontotemporal dementia and is observed in numerous other neurodegenerative diseases, including Alzheimer's disease. Despite this fact, the inciting events leading to TDP-43 aggregation remain unclear. We observed that endogenous TDP-43 undergoes reversible aggregation in the nucleus after the heat shock and that this behavior is mediated by the C-terminal prion domain. Substitution of the prion domain from TIA-1 or an authentic yeast prion domain from RNQ1 into TDP-43 can completely recapitulate heat shock-induced aggregation. TDP-43 is constitutively bound to members of the Hsp40/Hsp70 family, and we found that heat shockinduced TDP-43 aggregation is mediated by the availability of these chaperones interacting with the inherently disordered C-terminal prion domain. Finally, we observed that the aggregation of TDP-43 during heat shock led to decreased binding to hnRNPA1, and a change in TDP-43 RNA-binding partners suggesting that TDP-43 aggregation alters its function in response to misfolded protein stress. These findings indicate that TDP-43 shares properties with physiologic prions from yeast, in that self-aggregation is mediated by a Q/N-rich disordered domain, is modulated by chaperone proteins and leads to altered function of the protein. Furthermore, they indicate that TDP-43 aggregation is regulated by chaperone availability, explaining the recurrent observation of TDP-43 aggregates in degenerative diseases of both the brain and muscle where protein homeostasis is disrupted.
INTRODUCTION
Aberrant protein aggregation is the key feature of the pathology of most neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease, Huntington's disease and amyotrophic lateral sclerosis (ALS) (1) (2) (3) . However, although the ubiquitous presence of protein inclusions in neurodegenerative diseases suggests that they play a role in pathophysiology, there is no universal agreement as to what role they play. Protein aggregates themselves have been proposed to be (i) key toxic species promoting neuronal dysfunction and death; (ii) epiphenomena which associated with disease but themselves are unimportant; or (iii) structures which protect cells from harm by sequestering abnormally misfolded toxic proteins. Their presence alone on pathology is consistent with any of these possibilities.
The RNA-binding protein TDP-43 is the key component of protein aggregates in ALS, a degenerative disease of spinal and cortical motor neurons, and the overlapping clinical syndrome of frontotemporal lobar degeneration (FTLD) (4) . Dominant mutations in TDP-43 cause familial ALS, indicating that altered TDP-43 function can drive the pathogenesis of the disease (5 -9) . To date, the only effect that these mutations have shown is to increase the propensity of purified TDP-43 to aggregate in vitro (10) . Interestingly, TDP-43 aggregation is also seen in a wide variety of other neurodegenerative diseases, † Authors contributed equally to this work. * To whom correspondence should be addressed at: Department of Neurology, Regenerative Medicine Institute, Cedars-Sinai Medical Center, 8700 Beverly Blvd, Los Angeles, CA 90048, USA. Tel: +1 310 423 5152; Fax: +1 310 967 7725; Email: robert.baloh@csmc.edu indicating that defining the role of TDP-43 aggregation in cellular function could have a broad impact on our understanding of neurodegeneration (11) . TDP-43 is structurally similar to heterogeneous ribonucleoprotein (hnRNP) A/B family members with two RNA recognition motifs (RRMs) and a C-terminal domain necessary for protein -protein interactions with other hnRNP proteins to mediate alternative splicing (12) (13) (14) (15) . Recent evidence supports that the C-terminal domain, in addition to mediating proteinprotein interactions with other splicing factors, has properties of a Q/N-rich 'prion domain' similar to those observed in yeast prions (16) (17) (18) . Yeast prions contain low-complexity Q/N-rich domains which can adopt an aggregated conformation that recruits the native form of the protein into an inactive aggregate (19, 20) . These are proposed to be 'functional' prions, which allow the yeast cell to respond to stress. The key regulators of yeast prion aggregation are chaperone proteins, in particular the Hsp40/Hsp70 system and Hsp104 (21) . Although a few proteins have been proposed to function as physiologic prions outside of yeast and the requirement of the C-terminal domain for TDP-43 aggregation is well described (21) (22) (23) , physiologic stimuli that regulate the reversible aggregation of TDP-43 have not been defined.
Here, we investigate the role of the prion domain in regulating physiologic aggregation of TDP-43 during heat shock. We observed that heat shock induces reversible nuclear aggregation of TDP-43 which is mediated by interaction between Hsp40/ Hsp70 chaperone proteins and the C-terminal prion domain. TDP-43 nuclear aggregates lose their interaction with hnRNPA1 and change their RNA-binding partners, suggesting that heat shock-induced TDP-43 aggregation alters the function of the protein, analogous to what is observed for physiologic prions in yeast.
RESULTS

Heat shock induces reversible nuclear TDP-43 aggregation in cultured cells
To investigate the effect of accumulating misfolded proteins on TDP-43 dynamics in live cells, we expressed Cherry-tagged TDP-43 in HeLa cells via lentivirus and subjected them to heat shock. Heat shock (1 h at 428C, followed by recovery at 378C) leads to accumulation of misfolded proteins in the cytoplasm, and a series of adaptive events including up-regulation of heat shock proteins and chaperones, which allow the cells to survive the stress (24) . Ch-TDP43 normally has a grainy nuclear appearance; however, after heat shock Ch-TDP43 coalesced into distinct nuclear bodies (Fig. 1A and C) . Time-lapse imaging of individual cells showed that these were maximal at 1.5 h after recovery at 378C and resolved over the next 24 h. Although a small percentage of cells showed aggregates of Ch-TDP43 in the cytoplasm that stained for stress granule (SG) markers, these were much less common (,10% of cells) compared with those showing nuclear aggregates (.75% of cells; Fig. 1B ). Nuclear aggregation after heat shock was not an artifact of the Ch-TDP43 fusion protein or lentiviral infection, as similar aggregation of endogenous TDP-43 was also observed after heat shock, with endogenous TDP-43 aggregates appearing and resolving slightly earlier than exogenously expressed Ch-TDP43 (Fig. 1C) . Western blotting did not reveal decreased levels or fragmentation of TDP-43 during heat shock (Supplementary Material, Normally, Cherry-TDP43 shows a grainy nuclear appearance (no HS). Immediately after 1 h at 428C, TDP-43 showed minor nuclear condensation (1H0R indicates 1 h HS, 0 h recovery), which then coalesced to large nuclear bodies with additional hours of recovery at 378C after HS (1H1.5R, 1H6R). TDP-43 began to redistribute to a grainy nuclear morphology after 12 h (1H12R) and returned to normal in all cells by 24 h after HS (1H24R).
* P , 0.01 t-test indicated time versus no HS. (B) Although cytoplasmic aggregates (which stained with markers of SGs) were observed in a small number of cells (,5%), nuclear aggregates were far more common, appearing in 75% of Ch-TDP43 expressing cells at 1. Heat shock-induced nuclear TDP-43 aggregates stain with markers of nuclear stress bodies
The nuclear aggregation of TDP-43 after heat shock was reminiscent of other stress regulated proteins, including transcription factors and RNA-binding proteins, which organize into nuclear stress bodies (25, 26) . Therefore, we co-stained Ch-TDP43 expressing cells before and after heat shock with markers for various nuclear bodies (Fig. 2) . After heat shock Ch-TDP43 transiently co-localized with heat shock factor 1 (HSF1), the key transcriptional regulator of the heat shock response and scaffold attachment factor B (SAFB), a RNA-binding protein that localizes to nuclear stress bodies (27) . The dynamics of TDP-43 association with nuclear stress bodies was similar to SAFB, in that it appeared later and persisted longer than HSF1 (Supplementary Material, Fig. S3 ) (28) . The nuclear aggregates of TDP-43 did not stain with ubiquitin, supporting that they represent reversible functional aggregation, rather than formation of a pathologic inclusion. FUS/TLS, another RNA-binding protein mutated in ALS patients, did not co-localize with TDP-43 in nuclear stress bodies. Furthermore, markers of other nuclear bodies including nuclear speckles (SC35), gemini bodies (SMN) or heterochromatin (HP1) also did not co-localize TDP-43 either before or after heat shock. These Figure 2 . Nuclear TDP-43 aggregates co-localize with markers of nuclear stress bodies, but not FUS or other nuclear bodies. Cherry-TDP43 (Ch-TDP) was introduced into HeLa cells using lentivirus that were fixed and analyzed by immunocytochemistry either before heat shock (2HS) or 1 h after recovery from heat shock at 378C (1H1R) at a time of peak TDP-43 aggregate formation. Nuclear aggregates of TDP-43 co-localized with the transcription factor HSF1 and the RNA-binding protein SAFB, previously described markers of nuclear stress bodies induced by heat shock. Heat shock-induced nuclear aggregates of TDP-43 did not co-localize with ubiquitin, suggesting that they are not marked for proteasomal degradation. Accumulation of large ubiquitin positive inclusions was observed after heat shock due to that of misfolded proteins. TDP-43 also did not co-localize with FUS, nuclear speckles (SC35), gemini bodies (SMN) or a heterochromatin marker (HP1) either before or after heat shock. (29) and for self-aggregation (22) . We and others previously reported that the C-terminal region has properties similar to those of a prion-related Q/N-rich domain in yeast (16, 17) . These highly disordered domains are found in a variety of proteins which undergo functional aggregation and are particularly common in RNA-binding proteins involved in RNA granule formation such as SGs and P-bodies (30) . To determine the role of the prion domain in TDP-43 for heat shockinduced nuclear aggregation, we generated a series of C-terminal deletions in Ch-TDP43 and examined their morphology in live cells (Fig. 3A) . Deletion of the prion domain of TDP-43 led to smoothening of its normally grainy nuclear distribution. Interestingly, deletion of the particularly glycine-rich domain (GRD) with the prion domain (D265-319) had a similar Fig. 3B) , which is observed in ALS and FTLD patient tissues and is enriched in pathologic inclusions (31) . We next investigated the effect of deletions in the prion domain on the reversible nuclear aggregation of TDP-43 after heat shock (Fig. 3C) . Deletion of either the entire prion domain (1 -265) or just the GRD (D265 -319) within the prion domain dramatically diminished heat shock-induced nuclear aggregation of TDP-43, indicating that the prion domain in TDP-43 mediates reversible stress-induced aggregation of the protein (Fig. 3D ). This is reminiscent of regulated aggregation observed in other prion domain containing proteins, including TIA-1 in SG formation (32) . Although determinants in the prion domain also mediate protein -protein interactions (33) , the fact that deletion of this region blocks both stress-induced nuclear aggregation and pathologic cytoplasmic inclusion formation suggests that this region is critical for self-aggregation, regardless of the cellular location (nucleus or cytoplasm) or compartmentspecific protein-binding partners.
Substitution of the prion domain from the yeast protein RNQ1 recapitulates heat shock-induced aggregation, but not TDP-43 splicing function
Prion domains are disordered regions characterized only by enrichment of glutamine (Q), asparagine (N), glycine (G) and tyrosine (Y) residues (34) and have a strong propensity to self-aggregate (35) . We reasoned that if the role of the C-terminal prion domain of TDP-43 was to mediate heat shockinduced aggregation, substitution of the prion domain from another protein should recapitulate this phenomenon. Therefore, we generated a construct substituting the prion domain of the yeast protein RNQ1 for the prion domain of TDP-43. These domains share no primary sequence homology (Fig. 4A) , and it is unlikely that determinants mediating interactions with other mammalian proteins are conserved between TDP-43 and RNQ1. Remarkably, the TDP-RNQ1 fusion protein formed heat shock-induced nuclear aggregates in a time course similar to normal full-length TDP-43 ( Fig. 4B ). To further investigate whether the prion domain of RNQ1 could substitute for the prion domain of TDP-43, we investigated the ability of the TDP-RNQ1 fusion protein to mediate splicing of CFTR exon 9, the most well-characterized alternative splicing target of TDP-43 (36) . Transfection of full-length TDP-43 strongly promoted CFTR exon 9 exclusion, an effect that was blocked by deletion of the C-terminal prion domain (1 -265) similar to previous reports. However, substitution of the prion domain from RNQ1 (TDP-RNQ1) was not able to recapitulate normal TDP-43 mediated exon 9 skipping (Fig. 4C ). This is presumably because the CFTR exon skipping assay requires co-operation between TDP-43 and other RNA-binding proteins including hnRNPA1 and hnRNPA2/B1 (13), interactions which may not supported by the prion domain of RNQ1. Therefore, these experiments support that the prion domain of TDP-43 is the key mediator of heat shock-induced aggregation, a function that can be recapitulated by substitution with the prion domain from the yeast protein RNQ1. However, they also indicate that the TDP-43 prion domain is multifunctional, consistent with prior studies showing that the C-terminal region is critical for protein -protein interactions with other splicing factors.
The prion domain of TDP-43 is able to functionally replace the prion domain of TIA-1 to induce cytoplasmic SG formation TIA-1 is an RNA-binding protein with a similar domain structure to TDP-43 and was one of the first mammalian proteins recognized to have a prion-like Q/N-rich domain (32) . TIA-1 organizes the formation of cytoplasmic SGs, a process that requires the prion domain to mediate self-aggregation. Although TDP-43 is present in SGs under some conditions, unlike TIA-1, it cannot seed SG formation in the absence of a stressor (37) . Therefore, to determine if the prion domain of TDP-43 can mediate self-aggregation in the context of another mammalian protein, we substituted the prion domain of TDP-43 for the prion domain of TIA-1 and measured SG induction (Fig. 5) . Transfection of cells with TIA-1-induced SG formation (visualized by staining for the SG marker G3BP) in 26% of cells, whereas TDP-43 did not significantly induce SGs above transfection with YFP alone. Likewise, construct TDP-TIA (with the RNA-binding domains of TDP-43 and the prion domain of TIA-1) did not induce SG formation. Interestingly, TIA-TDP (the RNA-binding domains of TIA-1 and the prion domain of TDP-43) induced SG formation in 50% of cells, even more effectively than TIA-1 itself. Furthermore, when cells were treated with the potent SG inducer arsenite, TIA-TDP localized with SGs in 100% of cells, identical to full-length TIA-1, whereas TDP-43 did not form either nuclear aggregates or localize to SGs under these conditions. These data indicate that the prion domain of TDP-43 is able to functionally replace the prion domain of TIA-1 in both SG induction and localization.
Given that TIA1 and TDP-43 aggregate into different granules after heat shock (cytoplasmic SGs and nuclear stress bodies, respectively), we investigated the localization of the TIA1-TDP and TDP-TIA1 after heat shock (Fig. 5D ). As expected, the TDP-TIA1 fusion formed nuclear aggregates like full-length TDP-43, whereas the TIA1-TDP fusion localized to cytoplasmic SGs after heat shock similar to full-length TIA-1. These data strongly support that the prion domains of TDP-43 and TIA-1 are functionally interchangeable, and the localization to different cellular compartments after heat shock-induced aggregation is determined by the N-terminal region containing the NLS, NES and RRM domains.
Chaperones modulate heat shock-induced aggregation of TDP-43 and binding to the splicing co-factor hnRNPA1
Prion domains are disordered low complexity domains, with an innate tendency to self-aggregate (35) . Previous proteomics work found that TDP-43 is constitutively bound to HSP40 and HSP70 chaperone proteins (38) , which are key modulators of yeast prion propagation (39) . We also recently observed that point mutations in the Hsp40 family member DNAJB6 cause an inherited limb girdle muscular dystrophy in humans, characterized by aberrant protein aggregation, including TDP-43 aggregation (40 Material, Fig. S4 ). Based on these findings, we hypothesized that chaperones are constitutively bound to TDP-43, but become titrated away to bind to misfolded proteins after heat shock, leading to TDP-43 aggregation. To test this hypothesis, we examined whether increased expression of the HSP40 family member DNAJB6 could suppress heat shock-induced aggregation of TDP-43. Indeed, we observed that overexpression of wild-type DNAJB6 markedly suppressed the formation of heat shock-induced TDP-43 nuclear aggregates (Fig. 6A) . The suppression of TDP-43 aggregation was attenuated by a point mutant in DNAJB6 (H31Q), which acts as a dominant negative by failing to activate HSP70 ATPase activity (41) . The dominant negative H31Q mutant also led to longer persistence of the TDP-43 nuclear aggregates after heat shock, supporting that endogenous chaperones regulate the normal dynamics of heat shock-induced TDP-43 aggregation. Finally, knockdown of DNAJB6 also led to an increase in heat shock-induced aggregation of endogenous TDP-43 in the nucleus, strongly supporting that the availability of this HSP40 co-chaperone regulates TDP-43 aggregation (Supplementary Material, Fig. S5 ).
To confirm that suppression of TDP-43 aggregation by DNAJB6 was through binding to the prion domain, we developed a fluorescence resonance energy transfer (FRET)-based assay to quantitatively measure the co-aggregation of the TDP-43 prion domain fused to YFP and cyan fluorescent protein (CFP) (Y-TDP43 PRD and C-TDP43 PRD ), similar to assays developed previously for measuring aggregation of polyglutamine containing proteins (42) (Supplementary Material, Fig. S6 ). Formation of insoluble cytoplasmic aggregates by Y-TDP43 PRD and C-TDP43 PRD correlated with FRET signal, which similar to heat shock-induced aggregation of TDP-43 ( Fig. 3) was markedly suppressed by deletion of the critical GRD (265 -319; Fig. 6B and C). Overexpression of either the Hsp40 (DNAJB6) or HSP70 (HSPA1A) significantly attenuated the FRET signal, supporting that these chaperones modulate TDP-43 aggregation through binding to the C-terminal prion domain.
Finally, we examined the dynamics of the interaction between TDP-43 and endogenous chaperones during heat shock, using co-immunoprecipitation. 293T cells expressing Flag-tagged TDP-43 were heat shocked as before, immunoprecipitated for Full-length TDP-43 (TDP FL) promotes exclusion of exon 9 in the reporter, with an increase in the ratio of the bottom band (exon 9 excluded) to the top band (exon 9 included). Deletion of the C-terminal prion domain blocked the ability of TDP-43 to mediate alternative splicing of exon 9 (TDP 1-265). Substitution of with the prion domain from RNQ1 was not able to restore the ability of TDP-43 to promote the exclusion of exon 9 (TDP-RNQ1). The graph below shows the ratio of exon 9 exclusion/inclusion from three independent experiments for the indicated constructs.
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Flag and blotted for HSP40, HSP70 and the mRNA splicing cofactor hnRNPA1 ( Fig. 6D and E) . Consistent with previous reports and as shown above with endogenous protein (Supplementary Material, Fig. S4 ), we observed a constitutive interaction of TDP-43 with HSP40, HSP70 and hnRNPA1 (38) . One hour after recovery from heat shock, at a time of maximal TDP-43 nuclear aggregate formation, the binding of TDP-43 to HSP40 and HSP70 was decreased from baseline. Binding was partially restored after further recovery (4 h), at the time when TDP-43 has largely disaggregated. Interestingly, at the time of peak nuclear aggregate formation (1H1.5R), TDP-43 also lost its interaction with the splicing co-factor hnRNPA1, suggesting that TDP-43 aggregation may alter its function by disrupting its binding to other protein interactors.
To further investigate whether heat shock-induced aggregation of TDP-43 alters the function of the protein, we immunoprecipitated TDP-43 before and after heat shock-induced nuclear aggregation similar to above and performed next-generation sequencing to identify RNAs bound in a complex with the protein (RIP-seq; Fig. 7 ). We observed that of the TDP-43 binding partners that changed after heat shock (.2-fold, P , 0.05), the large majority showed decreased binding to TDP-43 (27/31 transcripts ¼ 87%), with only a small number showing increased binding to TDP-43 (4 of 31 transcripts ¼ 13%). To determine whether this simply reflected a change in the overall abundance of these transcripts after heat shock, we compared our results with two previous whole transcriptome analyses after heat shock (43, 44) . Remarkably, of the 27 transcripts which showed decreased binding to TDP-43 after heat shock on RIP-seq, 87% (23 of 27 transcripts, HeLa cells) and 81% (22 of 27 transcripts, 293T cells) either showed no change in overall abundance or changed in the opposite direction (i.e. decreased binding to TDP-43 but increased overall abundance after heat shock; Supplementary Material, Fig. S8 ). This strongly supports that they reflect a true change in the cadre of mature mRNAs bound to TDP-43 after heat shock, with loss of binding observed with the majority of these transcripts. Pathway analysis revealed significant enrichment in genes involved in the unfolded protein response, phospholipid metabolism and cell death (Fig. 7C) . These data indicate that TDP-43 aggregation during heat shock directly influences its mRNA-binding partners, which could have direct functional consequences on the cellular response to heat shock.
These findings support a model whereby the loss of binding to chaperones during proteotoxic stress (heat shock) induces to the reversible aggregation of TDP-43. Furthermore, they support that heat shock-induced TDP-43 aggregation is physiologic in that it alters its function, leading to changes in binding to both protein and RNA-binding partners. A schematic model showing that physiologic aggregation of TDP-43 during heat shock is shown in Figure 8 .
DISCUSSION
Here, we report that TDP-43 undergoes reversible nuclear aggregation due to the accumulation of misfolded proteins during heat shock, a behavior that is regulated by the interaction between the Hsp40/Hsp70 co-chaperone system and the C-terminal prion . YFP-TDP43 transfection showed a minor increase in cells with SGs above YFP alone, and TDP-43 did not co-localize with G3BP-positive SGs or form nuclear aggregates, even when cells were treated with arsenite. TDP-TIA also did not induce SG formation, indicating that the neither the RNA binding domains of TDP-43 nor the prion domain of TIA-1 was sufficient to induce SGs. In contrast, TIA-TDP strongly induced SG formation, indicating that the prion domain of TDP-43 can functionally replace the prion domain of TIA-1 to promote SG induction.
* P , 0.05 Student's t-test for construct versus. YFP control. ns, not significant. (D) After heat shock, TDP-TIA formed nuclear aggregates identical to full-length TDP-43, whereas TIA-TDP localized to cytoplasmic SGs identical full-length TIA-1, showing that the prion domains of these proteins are interchangeable, with their stress induced localization mediated by the N-terminal regions which contain the nuclear localization signal and RNA-binding domains.
domain of TDP-43. This suggests that TDP-43 exhibits the behavior of a physiologic prion, or functional protein aggregate, analogous to those reported in yeast and invertebrates.
Proteins with prion-like behavior are best characterized in yeast (19, 20) . The Sup35 protein is normally required for translational termination, but under certain conditions, it forms a selfpropagating aggregated conformation transmitted to offspring, which is dependent on the intrinsically disordered Q/N-rich prion domain. Sup35 aggregation is primarily induced by environmental stress and leads to loss of Sup35 function, and widespread read through of stop codons, allowing the rapid emergence of novel phenotypes (24) . Therefore, rather than representing a disease, prion domain-mediated aggregation of Sup35 is proposed to be adaptive strategy to resist stressful conditions. Interestingly, aggregation of yeast prions is primarily modulated by chaperone proteins of the Hsp104 and Hsp70/ Hsp40 systems, similar to what we observed for aggregation of the prion domain of TDP-43 (39, 45) .
There has also been evidence of prion-like behavior of a Q/N-rich protein in regulating synaptic activity in Aplysia, and more recently in Drosophila (46-50). CPEB (or its ortholog Orb2) is a RNA-binding protein involved in regulating local synaptic protein synthesis. Synaptic activity appears to induce aggregation of CPEB, dependent on the Q/N-rich prion domain, to regulate local mRNA translation and maintain synaptic facilitation. Although we focused here on heat shock-induced TDP-43 aggregation in a tissue culture model system, TDP-43 has been observed in both axons and dendrites of neurons (51, 52) , and prion domain regulated TDP-43 aggregation could also play a similar role in regulating synaptic function in mammalian neurons. It is important to note that while yeast prions show template-based propagation and amyloid formation, aggregation of proteins like TDP-43 and TIA-1 with Q/N-rich prion domains in higher organisms is reversible and whether aggregation is based on template propagation or another mechanism has not yet been clearly demonstrated. What is the functional consequence of heat shock-induced nuclear aggregation of TDP-43? Our data indicate that aggregated TDP-43 loses its interaction with the binding partner hnRNPA1 and alters the mRNA species bound in RNAprotein complexes with TDP-43, suggesting that TDP-43 aggregation alters its function. Interestingly, it has been known for some time that heat shock interrupts RNA splicing, a block which persists for hours after recovery, similar to the time course of TDP-43 aggregation (53) . Furthermore, reactivation of mRNA splicing after heat shock is promoted by the Hsp40/ Hsp70 co-chaperone system (54) . Given that aggregated TDP-43 may be non-functional and overexpression of Hsp40/ Hsp70 co-chaperones suppresses TDP-43 aggregation, it is tempting to speculate that heat shock-induced aggregation of TDP-43 could contribute to this arrest in mRNA splicing.
In addition to heat shock-induced aggregation of TDP-43 correlating to loss of binding to a protein-binding partner, we observed using RIP-seq that the cadre of mature mRNA Figure 7 . RIP-seq analysis of TDP-43 RNA-binding partners after heat shock. RIP followed by next generation sequencing (RIP-seq) was performed in 293T cells expressing Flag-TDP43 before or after (1 h 428C, 1.5 h 378C) heat shock at the time of maximal nuclear TDP-43 aggregation. (A) Transcripts which were differentially bound to TDP-43 after heat shock (P , 0.05, fold .2) are shown on heat map analysis. 87% (27/31 transcripts) of transcripts showed decreased binding to TDP-43, with 13% (4 of 31 transcripts) showing increased binding to TDP-43. These changes did not correlate with overall levels of these transcripts induced by heat shock, as the majority of transcripts that decreased binding to TDP-43 showed an increase in overall abundance after heat shock (see text). (B) Representative images of RIP-seq genomic alignments, showing examples of transcripts which increased (BAG3) and decreased (GPRC5A) in binding to TDP-43 after heat shock induced (+HS). (C) Pathway analysis of transcripts differentially bound to TDP-43 before and after heat shock (P , 0.05) generated by DAVID functional annotation using gene ontology biological pathway terms. The second highest enrichment score was for genes involved in the unfolded protein response. species bound to TDP-43 is also altered, with an enrichment in those involved with the unfolded protein response. In addition to intronic sequences, TDP-43 is known to bind to the 3 ′ UTR of many transcripts and may regulate RNA stability, transport and/or translation after splicing (29, 52, 55, 56) . Therefore, it is possible that release of these mature mRNA transcripts from a complex with TDP-43 after heat shock may also play a role in regulating the cellular response to heat shock.
Although we observed that the C-terminal prion domain of TDP-43 could be replaced by the Q/N-rich region of the yeast prion RNQ1 to allow heat shock-induced aggregation, the TDP-RNQ1 fusion construct did not mediate splicing of a TDP-43 target, exon 9 of the CFTR pre-mRNA (29) . This is consistent with the idea that the C-terminal domain of TDP-43 is multifunctional, i.e. the elements mediating chaperone interaction and self-aggregation (a property common to all prion domains) is shared with RNQ1, but specific structural elements for interacting with other hnRNPs are not conserved between TDP-43 and RNQ1. This is in keeping with the observations of others that an overlapping region of the C-terminal Q/N-rich domain is necessary for both interacting with hnRNPA2 and the formation of insoluble protein aggregates (57) .
One aspect that was initially surprising about our findings was that while TDP-43 occasionally translocated to the cytoplasm and co-localized with markers of SGs, this was quite rare (,5% of cells) compared with the formation of nuclear aggregates ( 80% of cells). TDP-43 has variously been reported to be present in subnuclear bodies in neurons (58) , cytoplasmic SGs in non-neuronal cells under a variety of conditions (37, 59, 60) , acute response granules with markers of P-bodies in neuronal dendrites (51) and in RNPs transported along developing axons (52) . We believe that this is indicative of the fact that TDP-43 aggregates and localizes to different RNA -protein complexes depending on the cell type and cellular context. Interestingly, the nuclear aggregates we observed co-localized with markers of nuclear stress bodies, including the key transcriptional regulator of the heat shock response, HSF1. While the organization of these structures is mediated in part by SatIII non-coding RNAs (25) , the formation of nuclear TDP-43 aggregates was dependent on the C-terminal prion domain (and could be recapitulated with the prion domain of the yeast protein RNQ1), strongly indicating that self-binding of the prion domain, rather than binding to RNA elements, mediated the aggregation of TDP-43 into nuclear bodies after heat shock.
Implications for TDP-43 aggregation in disease pathology
TDP-43 pathology was initially proposed to be specific for ALS and a subset of FTLD cases (i.e. FTLD -TDP); however, abnormal TDP-43 staining has been reported in many neurodegenerative and myodegenerative diseases, including AD, Parkinson's disease and inclusion body myopathies (reviewed in 11). The fact that TDP-43 aggregation is so widespread suggests that it could be part of a normal cellular stress response, in particular the accumulation of misfolded proteins. This is in keeping with the observation that TDP-43 aggregation can be induced by proteasome inhibition (16, 61, 62) or accumulation of proteins in the secretory pathway by tunicamycin (63) . Our data suggest that the mechanism of TDP-43 aggregation in these cases, and perhaps in diseases where misfolded proteins accumulate, is due to 'sensing' of the altered protein homeostasis state of the cell by the C-terminal prion domain, which self-aggregates in response to the availability of chaperone proteins. This is in keeping with the idea that the protein homeostasis network is delicately balanced (particularly in the brain) and that the aggregation of one misfolded protein will lead to the aggregation of others (64, 65) . It is important to note that while chaperone availability appear to be a key factor, other protein-binding partners or post-translational modifications may also play a role in heat shock-induced TDP-43 aggregation and remain to be explored.
The nuclear aggregates of TDP-43 we observed were reversible and did not stain with ubiquitin and do not appear to represent inclusions. It is more likely they represent a form of functional subnuclear structure, consistent with the fact that they transiently overlap with markers of nuclear stress bodies. It is notable that while cytoplasmic aggregates of TDP-43 are frequently pointed out, nuclear aggregates are also a common feature of TDP-43 pathology in ALS and FTLD (31) , and in VCP-related FTLD, nuclear aggregation is the most common pathology (66) . Therefore, much like SG-like structures have been proposed to represent 'pre-inclusions' of TDP-43 in the cytoplasm (67, 68) , it is possible that the nuclear aggregation behavior we observed could represent the initial stages of nuclear inclusion pathology observed in disease states. What causes the initially reversible aggregation of TDP-43 (in either the cytoplasm or the nucleus) to form an irreversible inclusion body remains unclear, but may involve post-translational modification such as cross-linking or phosphorylation (69) , or a decreased degradation capacity of aggregated TDP-43 (23) . 
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We recently reported that mutations in the Hsp40 family member DNAJB6 lead to dominantly inherited myopathy with protein aggregates, and TDP-43 aggregation is a prominent feature in diseased muscle (40) . It remains to be determined whether these DNAJB6 mutations disrupt a specific interaction between the co-chaperone and TDP-43 or rather reflect a global alteration in protein homeostasis induced by DNAJB6 mutations in patient myofibers. However, the fact that overexpression of DNAJB6 can suppress physiologic aggregation of TDP-43 after heat shock and either knocking down or using dominant negative DNAJB6 led to increased TDP-43 aggregation suggests that TDP-43 is a direct client protein of DNAJB6, and as such may be a key player in mediating TDP-43 prion-like aggregation in muscle.
MATERIALS AND METHODS
Plasmids and constructs
Flag-tagged human TDP-43 fused to pCherry was described previously (16) . TDP-43 deletion constructs and fusion constructs (TIA-TDP, TDP-TIA, TDP-RNQ1) were generated using polymerase chain reaction mutagenesis, cloned into the pCherry-C1, pYFP-C1 or pCFP-C1 vector and sequenced in their entirety and are available on request.
Cell culture and transfection COS-7, HeLa, 293T and immortalized mouse motor neuron-like NSC-34 cells were cultured in high glucose formulation of Dubelcco's modified Eagle's medium (Sigma-Aldrich) supplemented with 10% (vol/vol) fetal bovine serum, 2 mM L-glutamine and penicillin/streptomycin. For transfection, DNA was mixed with TransitLT1 (Mirus) at a ratio of 1 mg DNA/ 3 ml of TransitLT1. Cells were transfected for 48 h, unless otherwise indicated.
Lentivirus production and infection
Lentiviruses were produced as described previously (70) . Briefly, 293T cells were plated onto six-well plates and transfected with a packaging vector (D8.9), envelope vector (vesicular stomatitis virus-glycoprotein) and transfer vector encoding Ch TDP-43, Ch TDP 43 D265 -319, Ch TDP 1-265 or Ch TDP 1-105. Media was changed once at 12 h and collected at 72 h and applied directly to HeLa cells resulting in 95% infection efficiency.
Heat shock, live cell imaging and immunocytochemistry
Imaging of cells was performed in a climate-controlled chamber (In Vivo Scientific) at 378C and 5% CO 2 , and images were acquired with a Cool Snap HQ2 CCD camera (Photometrics) mounted on a Nikon Eclipse Ti-U microscope, controlled using MetaMorph software (Molecular Devices). For heat shock experiment, HeLa cells were transfected with Ch-TDP43 constructs for 48 h. After transfection, cells were subjected to heat shock (428C, 5% CO 2 ) for 1 h. After heat shock, cells were allowed to recover at 378C (with 5% CO 2 ) for indicated times (0-24 h). Immunocytochemistry was performed as described previously (16) . Antibodies used were as follows: rabbit anti-TDP-43 raised to amino 
FRET assay
FRET assay using 293T cells was performed and data analyzed as described previously (16) . Briefly, 250 000 cells/cm 2 were seeded in 24-multiwell plates and grown for 24 h in growth media. Cells were transfected with TransIT-LT1 Transfection Reagent (Mirus Bio Corporation) in a 1:3 (mg/ml) ratio according to the manufacturer's protocol using the following amounts of plasmids per well: 125 ng CFP-tagged and 375 ng YFPtagged test plasmid for FRET determinations; 125 ng CFP alone, for CFP beed through determination from the sample FRET; 375 ng YFP alone, for YFP crossover activation determinations; and no DNA, for background determination. After 24 h, the cells were trypsinized and plated in 96-well plate in quadruplicate and allowed to adhere for additional 24 h. Cells were fixed with 4% paraformaldehyde, washed with phosphate buffered saline (PBS) and read in an Infinite M1000 plate reader (Tecan Group Ltd, Männedorf, Switzerland). Data were represented as FRET per donor.
Protein extraction, immunoblotting and immunoprecipitation
For the study of TDP-43 solubility, sequential fractionation was performed as described (71) . Briefly, 293T cells were washed twice with cold PBS, lysed in cold radio immunoprecipitation assay (RIPA) buffer for 15 min, sonicated and centrifuged at 100 000g at 48C for 30 min. Supernatant was collected for RIPAsoluble fraction. Pellets were washed, sonicated and centrifuged twice to completely remove RIPA-soluble fraction. Pellets were resuspended in urea buffer for additional 15 min, sonicated, centrifuged at 100 000g at 228C for 30 min and RIPA-insoluble supernatant was collected. 1 mM phenylmethylsulfonyl fluoride and protease inhibitors were added to all buffers prior to use. Protein concentration was determined using Micro BCA protein assay kit (Thermo Scientific), and equal amounts of proteins (35 mg/sample) were resolved on 10% sodium dodecyl sulfate polyacrylamide gel electropheresis (SDS -PAGE). For immunoprecipitation of Flag-tagged TDP-43, 293T cells were transfected with FLAG-TDP43 FL for 48 h and were subjected to heat shock, as described. Cell pellets were collected, washed twice with cold PBS, lysed in co-IP buffer (1× tris buffered saline, 1 mM NaCl, 1% Triton X-100, 10% glycerol supplemented with phosphatase and protease inhibitors) for 15 min, and spun at 12 000g for 25 min. Lysate was collected and protein concentration was determined using Micro BCA protein assay kit. 1000 mg of total proteins from whole cell extracts were immunoprecipitated overnight at 48C using Flag-conjugated magnetic beads (Sigma-Aldrich), then beads were washed three times with immunoprecipitation (IP) wash buffer (20 mM Tris, pH 7.5, 1 mM ethylenediaminetetraacetic acid, 150 mM NaCl, 10% glycerol). Flag-conjugated magnetic beads were resuspended in 40 ml of 2× SDS loading buffer with b-mercaptoethanol and heated at 708C for 5 min to elute the samples. Equal amounts of total proteins (35 mg/sample) and 20 ml of eluted IP samples were resolved in 10% SDS-PAGE and analyzed in western blotting according to standard procedures. Antibody incubation was done overnight at 48C and probed with horse radish peroxidase (HRP)-conjugated secondary antibody for 2 h. Antibodies used were rabbit polyclonal anti-TDP-43 antibody raised to amino acids 1 -260 (Proteintech, 1:1000), rabbit polyclonal anti-TDP-43 antibody raised to amino acids 350 -414 (Novus Biologicals, 1:500), mouse monoclonal anti-FLAG (Sigma-Aldrich, 1:1000), rabbit anti-Hsp70/ Hsp72, rabbit anti-Hsp40 (Enzo Life Sciences, 1:1000). Secondary antibodies used were goat anti-mouse HRP and goat antirabbit HRP (Jackson ImmunoResearch Laboratories, 1:10 000).
RNA-binding protein immunoprecipitation (RIP) was performed using the RiboCluster Profiler RIP-Assay Kit (MBL International, catalog # RN1001) as per the manufacturer's instructions. 293T cells were infected with lentivirus encoding wild-type Flag-TDP43. Two independently performed biologic replicates were collected for RIP (i) without heat shock or (ii) after 1 h 428C followed by 1.5 h recovery at 378C, at the time of maximal TDP-43 aggregation. The resulting RNA was analyzed and quantified by spectrophotometry. Uninfected 293T cells were included as a control for pull downs. The resulting RNA was submitted for library preparation and single-end sequencing on an Illumina Hi-Seq. The resulting reads were aligned to the human genome (hg19 build) using TOPHAT, and bam files imported into Partek software (Partek Incorporated, St Louis, MO, USA) for analysis. Transcripts were annotated to RefSeq build 1-4-2013, and analysis of variance (ANOVA) performed to identify transcripts bound to TDP-43 which were significantly increased or decreased either before or after heat shock. Pathway analysis was performed using database for annotation, visualization and integrated discovery bioinformatics resource (http://david.abcc.ncifcrf.gov/). For comparison of genes which are differentially expressed after heat shock, independent data sets (Affymetrix Human Exon 1.0 ST Arrays in HeLa cells before and after heat shock (43); RNA-seq before and after heat shock in 293T cells (44) ) were obtained from the Gene Expression Omnibus (GSM669693, GSM669696, GSM670092, GSM670093, GSM1063575, GSM1063576). Data sets were imported into Partek for differential expression analysis, and transcripts which showed increased or decreased binding to TDP-43 after heat shock were analyzed for a change in overall abundance after heat shock. For the RNA-seq data set from Shalgi et al. (44) , replicates were not available so only genes with a fold change greater than 2 were included as an ANOVA P-value could not be calculated.
